Abstract: Natural selection operating at the amino acid sequence level can be detected by comparing the rates of synonymous (r S ) and nonsynonymous (r N ) substitutions for the protein-coding nucleotide sequence, where relationships r N > r S and r N < r S conventionally indicate positive and negative selection, respectively. The direction and magnitude of natural selection operating on a protein may change during evolution because the environmental conditions may vary along with time. Here a phylogenetic window analysis method is proposed for examining the chronological change in natural selection and for detecting natural selection that has operated temporarily in the phylogenetic tree. The phylogenetic window was defined as an interval between two time points in the phylogenetic tree, which was constructed under the assumption of a molecular clock. The total numbers of synonymous and nonsynonymous changes that have occurred for all the parts of branches overlapping with the window were compared to detect natural selection. When this method was applied to the analysis of the intra-host evolution for hypervariable region 1 of hepatitis C virus (HCV), which was known as the major target of humoral immunity, it was found that the pattern of chronological change in natural selection was heterogeneous among patients. The r N /r S value was sometimes elevated temporarily, where positive selection was detected, suggesting that the antigenic evolution was punctuated during chronic infection of HCV.
INTRODUCTION
Natural selection operating at the amino acid sequence level can be detected by comparing the rates of synonymous (r S ) (Supplementary Table S1 ) and nonsynonymous (r N ) substitutions for the protein-coding nucleotide sequence [1] . Under the assumption that the synonymous substitution is selectively nearly neutral, relationships r N > r S and r N < r S conventionally indicate positive and negative selection, respectively. The direction and magnitude of natural selection operating on a protein may change during evolution because the environmental conditions may vary along with time. To detect natural selection operating temporarily, it may be useful to compare r S and r N for a specific branch of the phylogenetic tree [2] . However, the numbers of synonymous (c S ) and nonsynonymous (c N ) changes that have occurred for a branch may not be large enough for a statistical test to detect a significant difference between r S and r N . The branches where similar selection has operated may be grouped to increase the sensitivity of the test [3, 4] , but it is difficult to determine such branches because the environmental condition for each branch is usually unknown.
Similar selection, however, may operate on the contemporary organisms sharing the environmental condition. For example, in the epidemics of human influenza A virus, evolution of hemagglutinin, which is the major target of humoral *Address correspondence to this author at the Center for Information Biology and DNA Data Bank of Japan, National Institute of Genetics, 1111 Yata, Mishima-shi, Shizuoka-ken 411-8540, Japan; Tel: +81-55-981-6847; Fax: +81-55-981-6848; E-mail: yossuzuk@lab.nig.ac.jp immunity, has been characterized by long-intervals of antigenic stasis punctuated by short-intervals of antigenic changes [5, 6] . In the former intervals, neutral and occasionally positively selected amino acid substitutions accumulate to provide the basis of antigenic innovations, whereas in the latter intervals, positive selection operates on parallel amino acid substitutions that cause antigenic changes for multiple lineages through epistasis with the substitutions that have accumulated in the former intervals [7] . Similarly, evolution of vesicular stomatitis virus has been characterized by genetic stasis and punctuated equilibrium, which were associated with small and large ecological changes, respectively [8, 9] . In addition, in the chronic infection of hepatitis C virus (HCV), it has been reported that positive selection operating on hypervariable region 1 (HVR1), which consists of the Nterminal 27 amino acid sites of envelope glycoprotein 2 (E2) [10, 11] and is the major target of humoral immunity [12] [13] [14] [15] , reduced for the entire population in the course of 15.6-21.6 years of follow-up in 5 patients [16] , although such a tendency was not found in other patients [17, 18] .
In the above studies, the chronological change in natural selection has been inferred mainly based on the comparison of r S and r N for branches of the phylogenetic tree. However, since different branches were usually involved in different time intervals, it was difficult to detect natural selection operating for a specific time interval. For this purpose, contemporary parts of the branches across the phylogenetic tree may be grouped to conduct the test of selective neutrality. In the present study, the phylogenetic window analysis method was proposed for examining the chronological change in natural selection and for detecting natural selection that has operated temporarily in the phylogenetic tree. The method was applied to the data of the intra-host evolution for HVR1 of HCV.
MATERIALS AND METHODS

Phylogenetic Window Analysis
The phylogenetic window analysis is intended to estimate the total values of c S and c N that have occurred for a specific time interval across the phylogenetic tree and conduct a test of selective neutrality for detecting natural selection. The phylogenetic tree is assumed to be known. To define specific time intervals, the phylogenetic tree is constructed under the assumption of a molecular clock, where the evolutionary rate is estimated by including calibration points or, particularly in the analysis of viral sequences, using the viral strains sampled at different time points [19] . The time scale of the phylogenetic tree is obtained by dividing the branch lengths by the evolutionary rate. In the phylogenetic tree, the ancestral nucleotide sequence at each interior node is inferred by the maximum parsimony (MP) [20, 21] or Bayesian [22, 23] method, and c S and c N for each branch are obtained by comparing the nucleotide sequence at its one end with the other [24] . The phylogenetic window is defined as an interval between two time points in the phylogenetic tree, where the length of the time interval corresponds to the window size (w). The window overlaps with some branches of the phylogenetic tree. c S and c N for all the parts of branches overlapping with the window are summed to obtain the total numbers of synonymous (c S(W) ) and nonsynonymous (c N(W) ) changes that have occurred in the window, respectively. Here c S and c N for a part of a branch are obtained simply by fractionating these values for the branch according to the proportion of the overlapping region. The numbers of synonymous (s S ) and nonsynonymous (s N ) sites for the entire sequence are computed as the average of these values for all extant sequences. The null hypothesis of selective neutrality is tested by computing the probability (p) of obtaining the observed or more biased values for c S(W) and c N(W) under the assumption that these values follow a binomial distribution with the probabilities of occurrence of synonymous and nonsynonymous changes given by s S /(s S + s N ) and s N /(s S + s N ), respectively [24] . Positive and negative selection are inferred when c N(W) /s N > c S(W) /s S and c N(W) /s N < c S(W) /s S with p < 0.05, respectively. r N /r S for the window is estimated as (c N(W) /s N )/(c S(W) /s S ). The phylogenetic tree is scanned by sliding the window with a certain step size (s) for examining the chronological change in natural selection and for detecting natural selection that has operated temporarily. It should be noted that, since multiple substitutions are not corrected for in this method, c S(W) and c N(W) may be underestimated, especially when the branch lengths of the phylogenetic tree are large. Therefore, this method is considered to be suitable for the analysis of closely related sequences. In the present study, however, the degree of underestimation appeared to be negligible for all the data analyzed because the branch lengths were generally small [25] .
Sequence Data
The phylogenetic window analysis was applied to the data of the intra-host evolution for HCV. The data consisted of the 5'-terminal 324 nucleotide sites of the E2 gene, which encoded 108 amino acid sites corresponding to positions 384-491 of HCV-1 [26] . The first 27 amino acid sites (positions 384-410) corresponded to HVR1. The nucleotide sequences were derived from 13, 7, 17, 5, and 14 strains serially sampled from patients 1, 2, 3, 4, and 5, respectively, in the course of 15.6-21.6 years of follow-up during chronic infection [16] . The strain names, accession numbers in the International Nucleotide Sequence Database, and isolation years for these sequences are listed in Supplementary Table  S2 .
In a previous study, these sequences have been analyzed for examining the chronological change in natural selection [16] . The phylogenetic tree was constructed for the sequences obtained from each patient under the assumption of a molecular clock, and the r N /r S value estimated for each branch was plotted against the time interval between the root of the phylogenetic tree and the middle of the branch. When the plots were superimposed for 5 patients, a negative correlation was observed between r N /r S and the time interval. In addition, the r N /r S value was found to be greater than 1 not only for HVR1 but also for amino acid positions 457-462.
In the present study, the phylogenetic window analysis was applied to the data obtained from each patient separately for examining whether the r N /r S value reduced during chronic infection in every patient. It should be noted that the biological function of amino acid positions 457-462 is unknown. In addition, although both the humoral and cellular immunities against E2 were known to be effective to eliminate HCV [27] [28] [29] [30] [31] , the latter immunity appeared to exert little effect on driving sequence evolution for E2 [18] . Therefore, only HVR1 (positions 384-410) was used for examining the chronological change in r N /r S by the phylogenetic window analysis.
Data Analysis
The multiple alignment of the entire region (324 nucleotide sites) for the total of 56 sequences obtained from 5 patients was made using the computer program CLUSTAL W (version 1.83) [32] . The alignment did not contain any gaps. To determine the position of the root and the topology of the phylogenetic tree for the sequences obtained from each patient, the phylogenetic tree was constructed for the 56 sequences by the neighbor-joining (NJ) method [33] using the 324 nucleotide sites. The evolutionary distance was measured as the p distance, which was known to produce reliable topologies when large numbers of closely related sequences were analyzed [34, 35] . The reliability of each interior branch was assessed by the bootstrap method with 1000 resamplings [36] . MEGA (version 4.0) [37] was used for these analyses.
The branch lengths of the phylogenetic tree for the sequences obtained from each patient were re-estimated under the assumption of a molecular clock. Since the first 81 nucleotide sites encoding HVR1 were examined for the chronological change in r N /r S , the molecular clock was not assumed to hold for these sites. Therefore, the remaining 243 nucleotide sites were used for estimating the branch lengths. The model of nucleotide substitution that best fitted these sites was judged by the hierarchical likelihood-ratio test (hLRT) using MODELTEST (version 3.7) [38] . Based on the best fit model, the branch lengths, transition/transversion rate ratio ( ), and rate of nucleotide substitution were estimated under the assumption of the molecular clock by the maximum likelihood method using TIPDATE (version 1.2) [39] . In addition, the branch lengths and were also estimated under the assumption of the rate heterogeneity among branches. The log-likelihood (lnL) values obtained under these assumptions were compared by the LRT to test the null hypothesis of the molecular clock. Twice the difference in the lnL value was assumed to follow a 2 distribution with a degree of freedom of n -3 [39] , where n denotes the number of sequences analyzed. The molecular clock was rejected if p < 0.05.
The ancestral nucleotide sequence at each interior node of the phylogenetic tree was inferred by the MP method. The values of s S and s N were computed by taking into account the value estimated above [40] . The phylogenetic window analysis was conducted for the sequences obtained from each patient using 5 years and 0.5 year as w and s (w = 5 and s = 0.5), respectively, and using w = 10 and s = 1. In addition, the average pattern of the chronological change in natural selection for 5 patients was examined by summing the c S(W) and c N(W) values for the windows of the same chronological order and averaging the s S and s N values for 5 patients. 
RESULTS
Construction of the Phylogenetic Tree
The phylogenetic tree constructed for the total of 56 HCV strains serially sampled from 5 patients using the 5'-terminal 324 nucleotide sites of the E2 gene is shown in Fig.  (1) . The strains obtained from each patient formed a single cluster, which was supported with a high bootstrap probability (93%-100%). Using the position of the root and the topology of the sub-tree for each patient, the branch lengths were re-estimated with the 243 nucleotide sites, by eliminating the first 81 nucleotide sites that encoded HVR1. The models of nucleotide substitution best fitted to the 243 sites of the sequences obtained from patients 1, 2, 3, 4, and 5 were the model of Kimura [41] with the distribution for the rate heterogeneity among sites (K + ), K, K + , K, and the model of Hasegawa et al. [42] (HKY) + , respectively (Supplementary Table S3 ). Based on these models, the lnL values were obtained under the assumptions of the molecular clock and the rate heterogeneity among branches. When the null hypothesis of the molecular clock was tested for the sequences obtained from each patient, p > 0.05 for all patients except for patient 3. However, even for patient 3, p = 0.0486, which was not statistically significant when the Bonferroni correction was conducted. These results indicated that the molecular clock could be assumed for the 243 nucleotide sites of the sequences obtained from each patient.
Results of the Phylogenetic Window Analysis
The results of the phylogenetic window analysis conducted for 81 nucleotide sites that encoded HVR1 using the phylogenetic tree constructed for each patient as indicated above were shown in Fig. (2) . Although the r N /r S value for the same chronological region varied to some extent according to the window size assumed (w = 5 or w = 10), the overall pattern of the chronological change in r N /r S was similar between these two cases for each patient (Supplementary Table S4 ). In patient 1, r N /r S was initially greater than 1, and decreased to be approximately 1 in the course of chronic infection. The r N /r S value was large (25.783) for the last window with w = 5. This result was obtained apparently because the c S value was very small for this window (0.025) due to a statistical error (Supplementary Table S4 ). In fact, positive selection was not detected for this window and r N /r S was not large for the corresponding window with w = 10. Positive selection was not detected for the entire time period ( Fig. 2; Supplementary Table S4) . Similarly, in patient 2, r N /r S was initially greater than 1 and decreased to be approximately 1. However, the r N /r S value slightly increased later, although positive selection was not detected for the entire time period. In contrast to the cases for patients 1 and 2, r N /r S was initially close to 1 in patient 3. The r N /r S value was elevated in the course of chronic infection, where positive selection was detected for 2 consecutive windows with w = 5. However, the r N /r S value later decreased to be approximately 1. In patient 4, r N /r S was throughout the entire time period because only the nonsynonymous change was observed (c S = 0 and c N > 0) for the entire phylogenetic tree. Positive selection was detected for 7 consecutive windows in the middle of the phylogenetic tree with w = 5, and for 2 consecutive windows at the similar chronological region with w = 10. In patient 5, r N /r S was initially greater than 1, and decreased to be approximately 1 in the course of chronic infection. However, the r N /r S value was elevated in the middle of the phylogenetic tree, where positive selection was detected for 10 consecutive windows with both w = 5 and w = 10 at the similar chronological region. When the phylogenetic window analysis was conducted by combining the data from 5 patients, r N /r S was initially greater than 1, and gradually decreased toward 1. However, positive selection was detected for most of the windows with both w = 5 and w = 10.
DISCUSSION
Problems in the Phylogenetic Window Analysis
In the present study, the phylogenetic window analysis method was proposed for examining the chronological change in natural selection and for detecting natural selection that has operated temporarily in the phylogenetic tree, by estimating c S(W) and c N(W) and conducting the test of selective neutrality. However, there appeared to be some problems in this method. First, the window size should be large enough to include a sufficient number of nucleotide changes (c S(W) + c N(W) ), which corresponded to the sample size in a statistical test, for obtaining a significant result. For example, in the analysis of the HCV strains isolated from patient 4, positive selection was detected with w = 10 but not with w = 5 at the same chronological region of the phylogenetic tree. Since c S(W) = 0 for both cases, success or failure in detecting positive selection was determined by whether the sample size (c N(W) ) was sufficient for obtaining a statistical significance or not, respectively. The window size, however, should not be excessively large, because the effect of natural selection is averaged for the window and natural selection operating only for a short time interval may be obscured. For example, in the analysis of the sequences obtained from patient 3, positive selection was detected with w = 5 but not with w = 10 at the same chronological region. In fact, the peak of the r N /r S value observed with w = 5 was obscured with w = 10. In addition, the sample size for a window depends on the total length of the parts of branches included in the window. However, since the number of branches may vary along with the phylogenetic tree, the window size required for including a sufficient sample size to obtain a statistical significance may be different among chronological regions of the phylogenetic tree. For example, in the analysis of the sequences obtained from patient 4, positive selection was detected with w = 10 only in the middle of the phylogenetic tree, although r N /r S was for the entire time period. These observations suggested that various window sizes should be examined in the analysis [43, 44] , as was the case with the present study. Since the sample size varied among the windows and was sometimes insufficient for obtaining a statistical significance, the correction for multiple testing was not adopted in the present study.
Second, c S and c N for a part of a branch overlapping with the phylogenetic window were obtained simply by fractionating these values for the branch according to the proportion of the overlapping region, suggesting that the synonymous and nonsynonymous changes were implicitly assumed to be evenly distributed along with the branch. This assumption, however, may be inconsistent with the idea of the phylogenetic window analysis, where the chronological change in Table S4).   CF93_E2_10  CF93_E2_1  CF93_E2_5  CF83_E2_4  CF83_E2_2  CF83_E2_3  CF89_E2_7  CF98_E2_D  CF93_E2_8  CF98_E2_13  CF93 E2 r N /r S , which may occur at any time point irrespective of the position on the branch, was intended to be detected. Since the effect of natural selection is averaged for each branch, this method may produce conservative results for the extent of chronological change in r N /r S and for the detection of natural selection. Nevertheless, this problem may disappear as more sequences become available in the analysis, so that the branch lengths become smaller in the phylogenetic tree, as in the case for influenza A virus [45] [46] [47] .
Punctuated Evolution of Antigenicity During Chronic Infection of HCV
When the phylogenetic window analysis was applied to the combined data of the intra-host evolution for HVR1 of HCV in 5 patients, it was found that the r N /r S value decreased along with time, which was consistent with the previous study [16] . However, positive selection was detected for most of the windows, suggesting that escape mutants from the humoral immunity were generated with a decreasing rate throughout the chronic infection on average. The decrease in the rate of generating escape mutants may have occurred because strain-specific and low titer neutralizing antibodies (nAbs) are elicited in the early stage of HCV infection, whereas cross-reactive and high titer nAbs are elicited later [31, 48] . Alternatively, the humoral immunity against HCV may have diminished in the late stage of chronic infection, so that the selective pressure to generate escape mutants may have reduced [16] . In the present study, however, it was also found that the pattern of chronological change in natural selection was heterogeneous among patients [17, 18] . The r N /r S value was sometimes elevated temporarily even in the later stage, where positive selection was detected, indicating that the antigenic evolution was punctuated during chronic infection of HCV. The punctuated evolution of antigenicity, however, may result from different mechanisms according to the driving force of positive selection. If it is assumed that the viral population generally contains antigenic mutants abundantly and positive selection is governed mainly by the change in the environmental condition [49] [50] [51] , as has been indicated for vesicular stomatitis virus [8, 9] , the above observation is considered to reflect the temporary change in the humoral immunity in the patients. On the other hand, if it is assumed that positive selection is governed mainly by de novo generation of antigenic mutants that can escape from the humoral immunity, as has been indicated for influenza A virus [5, 6, 52], the above observation is considered to reflect the epistasis among amino acid sites for determining the antigenicity. To distinguish these possibilities, it may be useful to compare the strength of immune responses in the patients as well as the degree of antigenic changes in HCV for the time intervals where positive selection was detected with those for other time intervals.
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